Maximum motion displacement (Dmax) represents the largest dot displacement in a random-dot kinematogram (RDK) at which direction of motion can be discriminated. Direction discrimination thresholds for maximum motion displacement (Dmax) are not fixed but are stimulus dependent. For first-order RDKs, Dmax is larger as dot size increases and/or dot density decreases. Dmax may be limited by the receptive field size of low-level motion detectors when the dots comprising the RDK are small and densely spaced. With RDKs of increased dot size/decreased dot density, however, Dmax exceeds the spatial limits of these detectors and is likely determined by high-level feature-matching mechanisms. Using functional MRI, we obtained greater activation in posterior occipital areas for low-level RDKs and greater activation in extra-striate occipital and parietal areas for high-level RDKs. This is the first reported neuroimaging evidence supporting proposed low-level and high-level models of motion processing for firstorder random-dot stimuli.
Introduction
The human visual system comprises at least two parallel neural pathways that are involved in form perception and motion perception. The parvocellular (P) and the magnocellular (M) pathways are responsible for aspects of form and motion processing, respectively. The two pathways remain distinct from one another as they project from the retina to the lateral geniculate nucleus (reviewed in Shapley, 1990) and to the primary visual cortex (V1). From here they continue to diverge into the extra-striate cortex although there is extensive cross-talk between the M-and P-pathways (Braddick, O'Brien, Wattam-Bell, Atkinson, & Turner, 2000) . The P pathway projects ventrally to the temporal cortex (Milner & Goodale, 1995; Ungerleider & Mishkin, 1982) . The M pathway in the human visual system projects dorsally and includes motion-sensitive extra-striate areas: V3A (Tootell et al., 1997) , V5/MT+ (Tootell et al., 1995; Zeki et al., 1991) and regions of the posterior parietal cortex (PPC) (Cheng, Fujita, Kanno, Miura, & Tanaka, 1995; Dupont, Orban, De Bruyn, Verbruggen, & Mortelmans,1994; Orban et al., 2006; Sunaert, Van Hecke, Marchal, & Orban, 1999) . Computergenerated random-dot kinematograms (RDKs) can be used to study these motion-selective brain regions.
Apparent motion with RDKs can be created by displacing a display of randomly presented dots by a certain amount in a given direction. If the displacement is small and all dots are shifted in the same direction (100% coherence), the motion perceived is smooth and continuous. As the displacement approaches the maximum displacement value (Dmax), direction discrimination of the apparent motion is still possible however the motion appears to be less coherent. As the displacement exceeds Dmax, motion direction is not reliably determined because the perceived motion appears to be incoherent, even though the dots are still moving with 100% coherence. Braddick (1974) classified motion perception as involving short-range (used for complex patterns, smaller displacements, briefer temporal intervals) and long-range (used for simpler patterns, larger displacements, longer temporal intervals) processes. He proposed that Dmax occurred at a displacement of approximately 15 min and represented the upper limit of the short-range mechanism. More recent research has suggested that Dmax is not a fixed value but is highly dependent on the stimulus parameters chosen and may exceed 15 min. Dmax increases with an increase in retinal eccentricity or stimulus size (Baker & Braddick, 1982; Braddick, 1974; Chang & Julesz, 1983a; Nakayama & Silverman, 1984; Todd & Norman, 1995) , increase in dot size beyond 15 min (Cavanagh, Boeglin, & Favreau, 1985; Morgan, 1992; Sato, 1990) , decrease in dot probability (Boulton & Baker, 1993; Eagle & Rogers, 1996; Eagle & Rogers, 1997; Ramachandran & Anstis, 1983) , and/or increase in the number of frames in the RDK (Nakayama & Silver-man, 1984; Snowden & Braddick, 1989a; Snowden & Braddick, 1989b; Todd & Norman, 1995) . Furthermore, Dmax increases with low or band pass spatial frequency filtering that eliminates high spatial frequencies from the stimulus (Chang & Julesz, 1983b; Cleary & Braddick, 1990; De Bruyn & Orban, 1989) .
The motion system involves motion detectors that are bandpass in both spatial frequency and orientation (Anderson & Burr, 1989; Baker & Cynader, 1986; Keck, Montague, & Burke, 1980; Watson & Turano, 1995) . Dmax could be a psychophysical correlate for the spatial extent of the involved motion detectors. It may be proportional to the lowest spatial frequency present in a RDK which would involve the largest motion detectors (Bischoff & Di Lollo, 1990) . Because larger dot sizes have lower spatial frequency content they involve larger motion detectors which would be associated with a larger Dmax value. Spatial frequency-dependent Reichardt-type motion detectors provide one possible explanation for the observed increase in Dmax with increased dot sizes but is not adequate to explain the Dmax increase observed when dot size is kept constant and dot probability is reduced. It may not even provide a complete explanation for the observed increase with larger dot sizes either. For example, Dmax still increases with increased dot size when stimuli are high-pass filtered (Eagle & Rogers, 1996; Morgan, Perry, & Fahle, 1997; Smith & Ledgeway, 2001) . By eliminating low spatial frequencies in the stimulus, high-pass filtering should significantly reduce the motion signal from larger spatial frequency-dependent motion detectors. High spatial frequency information appears to be capable of carrying motion signals most likely through feature matching of contours (Bex & Dakin, 2003; Eagle, 1998; Glennerster, 1998) . If this were the case, then a larger Dmax may correlate to fewer false matches.
Feature-matching is a characteristic of the long-range (but not the short-range) motion system proposed by Braddick (1974) . However, the ''short-range process" has more recently been reported to involve both spatial frequency-dependent and featurematching motion mechanisms (Snowden & Braddick, 1990) . Since Braddick's short-range and long-range classification, several other theories of motion perception have evolved. For example, Cavanagh and Mather (1990) suggest that low-level mechanisms process first-order stimuli (luminance-or color-defined) and that high-level mechanisms process second-order motion stimuli (motion-and stereo-defined). Lu and Sperling (reviewed in 2001) propose three separate motion systems: a first-order system responding to luminance-defined stimuli, a second-order system responding to contrast-or motion-defined stimuli, and a third-order system which is based on the ''salience map" of a moving stimulus. Nishida and Sato (1995) propose a model in which low-level and high-level mechanisms are based on spatial frequency-tuned motion detectors and feature-matching mechanisms, respectively (reviewed in Sato, 1998) . Sato (1998) suggests that the high-level process is not limited to second-order stimuli only but can be active for first-order stimuli if certain stimulus conditions are met (i.e. low dot densities and/or large dot sizes). He proposes that the larger Dmax obtained using first-order RDK stimuli with reduced dot density and increased dot size can be explained by high-level motion mechanisms that are preceded by a low-level feature extraction stage. As dot probability is decreased and dot size is increased, there is a switch from low-level processing towards high-level processing for Dmax. In support of this, Smith and Ledgeway (2001) also suggest that low-and high-level mechanisms operate simultaneously rather than separately. With any given motion stimulus, the most efficient mechanism predominates and this is dependent on stimulus parameters. Throughout this study, we refer to spatial frequency-dependent mechanisms as low-level and to feature-matching mechanisms as high-level (Nishida & Sato, 1995; Sato, 1998) .
Feature-matching mechanisms provide a feasible explanation for the increase in Dmax observed with both the increased dot size and decreased dot probability conditions (Eagle & Rogers, 1996) . Altering stimulus parameters in both cases reduces the overall dot density in the stimulus. In other words, reducing dot probability and increasing dot size both decrease the number of dots in a display of a fixed size.
1 Dmax appears to increase when the complexity of a stimulus is reduced presumably due to greater efficiency of feature-matching mechanisms (Sato, 1998) . A stimulus onset asynchrony (SOA) effect such that Dmax increases with increasing SOA is also suggestive of high-level feature-matching mechanisms since low-level mechanisms do not follow Korte's third law which states that Dmax increases as SOA increases (reviewed in Sato, 1998) . There are numerous reports of a SOA effect both with increased dot size (Cavanagh et al., 1985; Sato, 1998) and with reduced dot density (Ramachandran & Anstis, 1983; Sato, 1998) . While there is indirect behavioural data suggesting that Dmax for less complex, luminance-defined RDKs involves higher motion processing mechanisms than Dmax for more complex RDKs, there has been no direct evidence showing this to be true in humans. To investigate the extent of high-level involvement in the perception of first-order RDKs, we used functional magnetic resonance imaging. We used three RDK stimuli: a small, dense dot baseline condition, a reduced dot probability condition and an increased dot size condition. Dot sizes were selected to fall in a range above 20 min because smaller dot sizes have been shown to have little effect on Dmax (Cavanagh et al., 1985; Morgan, 1992; Sato, 1990) . The same RDK parameters have been used in two of our previous studies both of which confirm the baseline condition to be biased towards low-level mechanisms and the reduced dot probability and increased dot size conditions towards high-level motion mechanisms as intended (Ho & Giaschi, 2006; Ho & Giaschi, 2007) . Our hypothesis was that there would be greater involvement of high-level areas of the dorsal pathway for the latter two high-level RDK conditions relative to the baseline condition. The results showed greater activation in extra-striate motion areas (putative V3A, MT+ and PPC) in addition to a very robust relative decrease in cortical activity within the posterior occipital cortex when activation for high-level RDKs was compared to that for the baseline low-level RDK.
Methods

Participants
Four subjects were tested ranging in age from 14 to 29 years (M = 19.9 years, SD = 7.5 years). All of the subjects were visually mature as Dmax has been shown to reach adult levels between age 7 and 8 years (Parrish, Giaschi, Boden, & Dougherty, 2005) . Each subject had distance and near monocular line visual acuity (VA) equivalent to or better than, respectively, 6/6 and 0.4 M (Jose 1 The spatial-frequency content of a random dot pattern is determined by dot size (Julesz, 1971) . Altering dot probability without changing dot size does not alter spatial-frequency content but reduces the overall power (energy) of the global frequency distribution which is essentially low pass with a cut-off equal to the reciprocal of the dot size (i.e. the sampling interval). Dot density of a random dot pattern can be reduced in several ways: decreasing dot probability, increasing dot size (sampling interval), or low-pass filtering (Eagle & Rogers, 1996) . Each of these changes to a random dot pattern has a different effect on the cut-off and amplitude (power) of the global frequency distribution of that pattern: decreasing power in the first case, and decreasing the low-pass cut off in the latter two cases described above.
In our experiments, we are manipulating dot density by increasing dot size for one condition and decreasing dot probability in the other condition, relative to the baseline condition. & Atcherson, 1977) . Stereoacuity, assessed using the Randot Stereotest (Stereo Optical Co., Inc.), was required to be equivalent to or better than 40 00 . No subject had a history of ocular pathology or abnormal visual development.
Psychophysics
Prior to the fMRI sessions, individual Dmax thresholds for direction discrimination were determined in the psychophysics laboratory. This was done to equate the difficulty level of the behavioural task in the scanner across subjects. Also, we were interested in looking at cortical activation for RDKs displaced at Dmax and this threshold value varies amongst subjects.
Stimulus
The psychophysical tasks were programmed in Matlab and run on a Macintosh Power G4 laptop computer. The stimuli were displayed on a 17 in. monitor with a resolution of 800 Â 600 (horizontal Â vertical) pixels and a refresh rate of 60 Hz. Subject responses were collected with a Gravis Gamepad Pro.
The visual stimuli for all conditions of the Dmax task consisted of randomly generated patterns of white dots (100 cd/m 2 ) on a black background (5 cd/m 2 ). The viewing distance was 70 cm. The entire random-dot display subtended a visual angle of 25.4°Â 19.2°(horizontal Â vertical) .
Each subject performed the task under three display parameters in each eye: 20 min dot size at 5% dot density (condition 1), 20 min dot size at 0.5% dot density (condition 2), and 1°dot size at 5% dot density (condition 3). The dot sizes listed above represent the diameter of each round dot in the display. Each RDK consisted of 10 frames and the duration of each frame presentation was 200 ms (12 screen refreshes at 60 Hz). No inter-stimulus interval was used. A total of six threshold values were recorded for each subject.
Procedure
The study was approved by the University of British Columbia's Behavioural Research Ethics Board. All thresholds were determined in one session that lasted approximately 30 min. For the fMRI phase of the study, the eyes were dissociated by using red-green filters to allow for monocular testing (see 2.3.1). To be consistent, the psychophysical thresholds were determined while the subjects wore the same MRI-compatible glasses with the red-green filters in place such that the right eye viewed through a red filter and the left eye through a green filter. A neutral density filter was used to make the right and left images equiluminant. Prescribed optical correction was worn under red-green filters throughout testing for subjects requiring refractive correction. The non-tested eye was occluded. Testing was performed under diffuse illumination with lights directed away from the display screen to prevent glare. Subject responses were self-paced and subjects were asked to guess the correct response if they were unsure. Feedback was provided for the subjects throughout the trials. The eye tested first was randomly varied for each subject.
For each trial, the random-dot display was displaced by a given jump size, upward or downward, at 100% coherence, for 10 consecutive frames of animation. The task was direction discrimination of the apparent motion. A two-alternative forced-choice (2AFC) paradigm was used, in which the probability of accurately guessing the correct response was 50%.
As the displacement increased, the task of direction discrimination became more difficult. All conditions began with a jump size of 0.3°that all participants could perform easily with 100% accuracy. Jump size was adjusted such that it increased after two correct responses, and decreased after one incorrect response. Jump size was halved, beginning at the 4th reversal, for each incorrect response. The staircase ended after the 15th reversal in jump size or after 60 trial presentations, whichever occurred first. Throughout testing, subjects were asked to maintain fixation on a cross in the middle of the screen. The displacement levels were chosen based on previous findings (Ho & Giaschi, 2006; Ho & Giaschi, 2007) . To ensure that the task was understood before each session, the participants were asked to do a practice trial.
Threshold calculations
Psychometric functions were fitted using the Psignifit toolbox version 2.5.41 for Matlab (see http://bootstrap-software.org/psignifit/) which implements the maximum-likelihood method described by Wichmann and Hill (2001) . Threshold was defined using the stimulus level at which performance was 75% correct, halfway between the guess rate (50% correct) and perfect performance (100% correct) for a 2AFC paradigm. The six thresholds were recorded to be used later in the fMRI scans below.
The psychophysical thresholds are depicted in Fig. 1 . As expected, conditions 2 and 3 (the high-level conditions) gave larger Dmax values than condition 1 (the baseline low-level condition).
Functional MRI
Data acquisition
Each participant completed a scanning session that lasted approximately 1 h. During a session, echo-planar imaging (EPI) was used to collect functional data in four T2 Ã -weighted scans (TE = 30 ms, TR = 2000 ms). The field of view (FOV) was 240 mm; 3 mm isotropic voxels were acquired using an 80 Â 80 mm matrix. The images were reconstructed with a 128 Â 128 mm matrix which resulted in an effective voxel size of 1.88 Â 1.88 Â 3 mm. Volumes were collected in 36 interleaved axial slices (slice thickness: 3 mm, inter-slice gap: 1 mm).
At the end of the scanning session a high-resolution anatomic brain image was collected. Transverse slices were acquired with The threshold values represent the dot displacement at which 75% accuracy was obtained in the direction discrimination task. The mean thresholds averaged across both eyes is shown (thresholds did not significantly differ between eyes). Error bars represent standard errors. a T1-weighted scan that was 6 min and 34 s in duration (FOV: 256 mm, matrix: 256 Â 256, voxel size: 1 Â 1 Â 1 mm).
The visual stimuli were viewed by participants while lying in a Philips Gyroscan Intera 3 T MRI scanner with a phased array head coil (SENSE). The stimuli were back projected with an LCD projector (resolution: 800 Â 600; effective refresh rate: 60 Hz) onto a screen that was 53 cm behind the participant's head and viewed through a mirror that was 15 cm from the participant's eyes. Subject responses were obtained using a fiber optic response system (Lumitouch).
Participants practiced all of the tasks prior to entering the scanner. Red and green filters were placed in a MRI compatible frame with the red filter always in front of the right eye. The red-green glasses were worn throughout the entire scan. Red and green filters, cut from the same filter sheets, were placed over the projector, and changed throughout the scan, to allow for monocular testing. With the red filter in place, the stimulus was visible to only the right eye. With the green filter in place, the stimulus was visible to only the left eye. Without filtering the stimulus, it was visible to both eyes. The luminance of the red and green light from the filtered projector was balanced by placing a 0.3ND filter over the red filters both on the projector and in the frame. The eye tested first was randomly varied by changing the order in which the red and green filters were placed over the projector.
Visual stimuli and experimental design
The RDKs used for the psychophyiscs were modified into two different block design fMRI runs that were viewed by each eye. The stimuli were composed of white dots on a black background with a central white fixation cross (display width: 25.3°and height: 19.4°). The dots moved either upwards or downwards with 100% coherence. Fig. 2 illustrates the fMRI paradigm used in each of the runs.
Each of the two Dmax runs had six epochs that were repeated for four cycles. Each epoch was 14 s giving a total run time of 336 s. The psychophysical Dmax thresholds from both eyes of each participant were used to determine the jump sizes in each epoch. A total of six thresholds were needed per subject (three display conditions Â two eyes). The epochs were designed to compare cortical activation for: (1) random motion; coherent motion with relatively easy (dot displacement at 1/2 Dmax); and more difficult (dot displacement at Dmax) direction discrimination and (2) the baseline low-level RDK (condition 1); and the two high-level RDK conditions (conditions 2 or 3). We were interested in determining the pattern of cortical activation using RDKs with dot displacement specifically set at the Dmax threshold but also wanted to know whether this cortical activation pattern would be altered for subthreshold stimuli (i.e. decreasing task difficulty by using displacement at 1/2 Dmax).
The six epoch parameters [dot display; dot displacement; motion coherence] for the first Dmax run are listed below:
(1) 20 min dots at 5% density (condition 1); Dmax; 100% (2) 20 min dots at 5% density (condition 1); 1/2 Dmax; 100% (3) 20 min dots at 5% density (condition 1); Dmax or 1/2 Dmax (randomized); 0% (4) 20 min dots at 0.5% density (condition 2); Dmax; 100% (5) 20 min dots at 0.5% density (condition 2); 1/2 Dmax; 100% (6) 20 min dots at 0.5% density (condition 2); Dmax or 1/2 Dmax (randomized); 0%
The six epoch parameters for the second Dmax run were the same as above for epochs 1-3 but with the following changes for epochs 4-6: (4) 1°dots at 5% density (condition 3); Dmax; 100% (5) 1°dots at 5% density (condition 3); 1/2 Dmax; 100% (6) 1°dots at 5% density (condition 3); Dmax or 1/2 Dmax (randomized); 0%
Both runs were based on the same block design. The order of the epochs was presented in the same predetermined randomized order for each run and for every subject. For the four cycles, the order of the six epochs was: 1st cycle [6, 1, 5, 4, 2, 3], 2nd cycle [5, 1, 3, 2, 4, 6] , 3rd cycle [6, 4, 2, 3, 1, 5], 4th cycle [3, 2, 4, 5, 1, 6] . The order of blocks was symmetrical (cycles 3 and 4 were the reverse of the order for cycles 1 and 2) to reduce the influence of linear trends. Every epoch contained five trials. Each trial was composed of 10 frames (the same number as in the psychophysical tasks) followed by an inter-trial interval of 800 ms during which a direction discrimination response was made. The random motion stimulus was created such that each frame was a new pattern of randomly placed dots and each dot traveled the same distance (either 1/2 Dmax or Dmax) between frames. Participants had the task on all trials of pressing one of two buttons to indicate the perceived direction of the apparent motion (up or down) for each trial (even for the random motion trials in which neither was correct). Accuracy of behavioural responses was recorded for each of the coherent motion trials (Dmax, 1/2 Dmax) to confirm that level of difficulty and attention to the task were similar across subjects. Each of the two Dmax runs had six epochs that were repeated for four cycles. The first run and the second run differed only in the high-level RDK stimulus used (reduced dot density or increased dot size). Both runs were based on the same block design and the order of the epochs was presented in the same predetermined, randomized order for each run and for every subject.
Data analysis and results
Data preprocessing and statistical analysis were conducted with BrainVoyager QX (Brain Innovation). Prior to analysis, inter-slice time differences were removed from the data with an algorithm involving linear interpolation over time. All volumes were then corrected for small translational and rotational head movements by aligning to the first volume of each run using a nine-parameter rigid-body intensity-based algorithm with tri-linear interpolation across eight neighboring voxels. Temporal high-pass filtering (three cycles in time course) and a linear trend removal algorithm were used to eliminate temporal drifts from the data (e.g. physiological and scanner noise). The functional volumes were co-registered with the anatomic image. The data were then spatially normalized to stereotaxic space (Talairach & Tournoux, 1988) and superimposed on an averaged anatomic volume made from all subjects, to establish spatial correspondence between brain areas.
Delineating the motion-selective regions-of-interest
To determine the low-level and high-level motion-sensitive areas of interest, the general linear model (GLM) was used for statistical analysis. Data from the Dmax runs were analyzed with a fixed-effects whole brain 3 Â 2-factor ANOVA to identify lowand high-level regions-of-interest (ROIs). A boxcar function, convolved with the BrainVoyager default haemodynamic response function (double-gamma function model; Friston et al., 1998) was used to model the data and maps of the t-statistic were created, with a Bonferroni correction for multiple comparisons (p < .001). The ANOVA was of the following factorial design: The first main effect tested looked at activation differences for direction discrimination of coherent motion at 1/2 Dmax (easier task; Factor A2), coherent motion at Dmax (more difficult task; Factor A3) displacements relative to random motion (0% coherence) at random displacements (Factor A1). The second main effect, and that pertaining specifically to the test of our hypothesis, looked at activation differences between experimental (high-level; conditions 2 or 3) vs. the baseline (low-level; condition 1) RDKs. For the ANOVA, the first predictor for each factor (Factor A: random motion; Factor B: low-level condition 1) was excluded and used as the implicit baseline. Factor A Â Factor B interactions were also tested.
There was no main effect of type of motion (Factor A: coherent (easy or difficult) motion vs. random motion) but there was a robust main effect of type of RDK (Factor B: high-level vs. low-level). There were no significant interactions. The brain areas showing significant cortical activation for the main effect of type of RDK are listed in Table 1 . Only brain regions showing significant activation for all high-level RDKs are listed. Overall, observed activation was limited to the posterior brain regions only. The BrainVoyager ROI analysis tool was used to demarcate the regions-of-interest (ROIs) listed. No cluster size limit or smoothing algorithm was applied to define the areas. The occipital ROI was considerably large given that the stimulus activated most of the lower-visual areas in both hemispheres. The MT + ROI was the cluster of contiguous activated voxels in the region of the parietal-temporal-occipital junction in each hemisphere. The stereotaxic locations of putative area V3A (e.g. Dupont, Orban, De Bruyn, Verbruggen, & Mortelmans, 1994; Sunaert et al., 1999; Tootell et al., 1997) and MT+ (e.g. Sunaert et al., 1999; Tootell et al., 1995; Zeki et al., 1991) were consistent with locations reported in previous studies. Most parietal cortex activation was localized to the posterior-dorsal regions of the intraparietal sulcus (IPS) (Dupont et al., 1994; Orban et al., 2006; Sunaert et al., 1999) .
The t-statistic values listed in Table 1 show that there is significantly less cortical activation in occipital areas and significantly greater cortical activation in putative area V3A, MT+ as well as PPC when the activation for high-level stimuli was compared to that for the low-level stimulus. The relatively lower activation in posterior occipital cortex is a robust finding but activation in high-level areas appears to be more variable. Furthermore, although monocular viewing should stimulate both hemispheres equally in each eye, a right hemisphere bias was noted in the high-level activation regardless of which eye was viewing. This can be seen as a larger number of significantly active voxels in the right than the left hemisphere (Table 1) . Fig. 3 shows the general pattern of cortical activation observed in a sample of axial, coronal and sagittal slices for the high-level vs. low-level comparison. Overall, there was relatively less cortical activation in posterior occipital regions and relatively greater activation in extra-striate motion areas (putative V3A, MT+ and PPC). The statistical maps are shown on the group-averaged anatomic image.
Post-hoc region-of-interest analyses
In order to obtain percent signal change information, a series of group post-hoc contrasts were tested within the four specific ROIs delineated above (all data included): occipital, putative V3A, MT+ and parietal areas. For the post-hoc analysis, the parietal ROI grouped together all active parietal voxels listed in Table 1 .
Because ROI analyses involve a smaller number of comparisons than whole brain analyses, t scores were significant at p < .05, uncorrected. The contrasts tested compared activation for: (1) easy coherent motion vs. random motion; (2) difficult coherent motion vs. random motion; (3) difficult vs. easy coherent motion and (4) high-level RDKs vs. low-level RDK. The only comparisons meeting statistical significance were the contrasts tested for high-level Table 1 Regions-of-interest defined by significant cortical activation differences for high-level vs. baseline low-level RDK comparisons (significance level of p < 0.001 Bonferronicorrected). Fig. 4 illustrates the percent signal change within each of the four motion-sensitive areas for these contrasts. Putative area V3A, MT+ and parietal ROIs showed significantly greater activation (all p = 0.00) whereas the occipital ROI showed significantly less activation for the comparison of high-level vs. low-level (p = 0.00). The individual and group percent signal change results are given in Table 2 . The relative change in cortical activation was statistically significant for all subjects in the lower level occipital areas. The high-level condition with reduced dot density elicited lower percent BOLD signal changes (especially in the putative V3A, MT+ and parietal ROIs) than the high-level condition with increased dot size (Fig. 4) . This is most likely attributed to the overall decrease in global power with the reduced dot density condition. Although the increased dot size condition was matched to the baseline condition in dot density (global power), and the decreased dot density condition was matched to the baseline condition in dot size (spatial frequency spectrum), the two high-level conditions were not matched overall for motion energy or global power. The goal was not to compare the two high-level conditions but to look at each separately relative to the baseline stimulus. Fig. 5 charts the average percent signal change across an epoch time course for each of the conditions tested. The conditions are grouped according to RDK type: low-level and high-level. The activation in each of the four ROIs is shown separately. In the occipital ROI, cortical activation for low-level and high-level RDKs is unquestionably in opposite directions. Cortical activation in putative area V3A, MT+ and parietal cortex shows a subtle trend towards activation in a direction opposite to that observed in the occipital ROI. In general though, there is much greater variability in cortical activation within the high-level ROIs.
Discussion
Our findings are consistent with previous reports that an increase in Dmax is observed for RDKs with reduced dot probability (Boulton & Baker, 1993; Eagle & Rogers, 1996; Eagle & Rogers, 1997; Ramachandran & Anstis, 1983) , and increased dot size (Cavanagh et al., 1985; Morgan, 1992; Sato, 1990) . It has been proposed that Dmax can be limited by the receptive field size of low spatial frequency-tuned motion detectors and/or by the limits of spatial feature matching. This occurs at low-and high-levels of motion processing, respectively, and the mechanism that dominates is largely dependent on the stimulus parameters chosen (Nishida & Sato, 1995 Smith & Ledgeway, 2001; Snowden & Braddick, 1990) . Decreasing dot density and/or increasing dot size of first-order, luminance-defined RDKs create a bias towards high-level motion mechanisms. In agreement with this, we consistently found significantly less activation within posterior occipital cortex with the decreased dot density and reduced dot size RDKs relative to the low-level baseline RDK. We also found significantly greater activation in putative area V3A, area MT+ and posterior parietal regions of the IPS with the high-level RDKs relative to low-level stimuli (especially for the increased dot size condition). As we predicted, there appears to be less low-level (occipital) and greater high-level (extra-striate) involvement with first-order RDKs biased towards high-level mechanisms.
Physiological evidence shows posterior parietal areas in the macaque also to be involved in high-level motion perception (Assad & Maunsell, 1995) . Neurons in lateral intraparietal area (LIP) have been identified in the macaque monkey as an important parietal region involved in high-level direction discrimination (Williams, Elfar, Eskandar, Toth, & Assad, 2003) . Williams and colleagues suggest the role of parietal neurons in motion perception is to fill in gaps when visual information is incomplete or ambiguous. This could be the case in perceiving apparent motion for sparse displays such as random-dot displays with low dot densities and/or large dot size (Sato, 1998) , and to classical long-range stimuli (Braddick, 1974) . It has been suggested that area LIP in the macaque is homologous to regions near the IPS, specifically between POIPS and DIPSM, in humans (Orban et al., 2006 , Muri, Iba-Zizen, Derosier, Cabanis, & Pierrot-Deseilligny, 1996 Sereno, Pitzalis, & Martinez, 2001; Simon, Mangin, Cohen, Le Bihan, & Dehaene, 2002) . These specific parietal areas were found to be active with our high-level RDK stimuli.
Other functional MRI studies in humans have shown significant parietal lobe involvement in high-level motion perception (Culham et al., 1998; Dupont et al., 1994; Sunaert et al., 1999) . Culham and colleagues found that parietal regions near the IPS and, to a lesser extent, MT+ and parts of the lateral-occipital cortex near V3A are involved in multiple-object attentive tracking. Additionally, they found activation in frontal areas of brain. Attentive tracking (Cavanagh, 1992) is a high-level motion task that involves featurematching mechanisms. The high-level RDKs used in this study are likely mediated by feature-matching mechanisms and the processing of RDK apparent motion in this study appears to involve similar motion-sensitive regions as attentive tracking. Our activation, however, appears to be limited to posterior regions of the brain only, most likely because our task is less cognitively demanding. Claeys and colleagues (Claeys, Lindsey, De Schutter, & Orban, 2003 ) also report on activation in similar regions of the IPS that responded specifically to luminance-based motion stimuli. However, they also discuss a second high-level system involving the inferior parietal lobe that appears to be selectively responsive to saliencybased motion stimuli.
Several studies have looked at the spatial limits of directionselective neurons, which can be considered the neural correlate to the psychophysical measure of Dmax. Mikami and colleagues (Mikami, Newsome, & Wurtz, 1986) found that the upper spatial limit of displacement (in the preferred direction) to which direc- tion-selective neurons would respond was three times as large for MT than V1 in alert macaques. The authors concluded that V1 input does not fully account for the directional mechanisms in MT. It is likely that high-level input from extra-striate motion areas (or low-level input from other direction-selective occipital regions) can modify direction-selective responses in MT. In contrast, Churchland and colleagues (Churchland, Priebe, & Lisberger, 2005) found that neurons in V1 and MT retained direction selectivity for similar displacement limits, suggesting a strong V1 influence to the direction selectivity in MT. One significant difference between the two studies was that electrophysiological recording in the latter study was done in certain cases with anesthetized macaques. This could certainly dampen activity in higher-level visual areas and reduce feedback that might normally modulate responses in V1 and/or MT in alert macaques.
V1 activity in the perception of long-range apparent motion has been shown to be mediated by feedback from MT+ (Sterzer, Haynes, & Rees, 2006) . In this study, there was a robust finding of less activation within the posterior occipital cortex for high-level relative to low-level RDK stimuli. (Or stated another way, there was greater activation within the posterior visual areas for low-level stimuli relative to high-level stimuli.) Thus, it is possible that increased activity in PPC or MT+ has an inhibitory effect on neural activity in lower-visual areas in occipital cortex, accounting for the pattern of activation observed in this study. This may be a strategy of increasing efficiency of the high-level motion system by limiting competing inputs from the low-level motion system. Although the Sterzer et al. findings were specific for positive-feedback mechanisms, negative-feedback can not be ruled out as a partial explanation for our findings. In fact, with the fMRI paradigm and analysis techniques used in this study, it is not possible to conclude whether positive or negative feedback to hMT+ is responsible for the observed results. It can only be suggested that feedback mechanisms from MT to lower-visual areas are possible.
Some studies have reported increased BOLD responses with coherent motion relative to incoherent, random motion (Braddick et al., 2001; Rees, Friston, & Koch, 2000) . However, it is important to note that both of these papers involved motion stimuli that were passively viewed. In the present study, there was no statistically significant difference in BOLD activation identified between 100% coherent at easy and difficult levels and random motion. A critical difference is that this study involved a motion stimulus that was not passively viewed. Instead, observers were forced to discriminate the direction of motion, even when the motion signal was incoherent. A similar task was used in a recently published paper by Giaschi and colleagues looking at the effect of motion coherence in global motion stimuli on BOLD activation in hMT+ (Giaschi, Zwicker, Au Young, & Bjornson, 2007) . The authors looked at differences in activation using stimuli with 85% coherence (easy direction discrimination), 25% coherence (difficult direction discrimination), and 0% (impossible direction discrimination). There was no significant difference in BOLD activation between 85% and 0% coherence. The results in that study were attributed to a trade-off between task difficulty and motion sensitivity. BOLD activation appeared to increase on more difficult tasks (0% coherence) which may have cancelled the BOLD increase with coherence level. This may be related to the increased attention required to perform more difficult tasks. In the present study, level of task difficulty was increased not by altering coherence of motion dots but by keeping coherence at 100% and increasing dot displacement. The pattern of BOLD activation was found to be similar for coherent and random motion conditions. Attention has been reported to modulate activity in MT+ (Beauchamp, Cox, & DeYoe, 1997; Buchel et al., 1998; O'Craven, Rosen, Kwong, Treisman, & Savoy, 1997; Treue & Maunsell, 1996) and the PPC (Beauchamp et al., 1997) . Level of attention is related to task accuracy and task difficulty. Tracking of behavioural responses during the fMRI runs in this study suggested that level of performance was similar amongst subjects (M = 73%; SD = 10%) as expected since individual threshold dot displacements were presented for each subject. It is interesting, but not surprising (see Giaschi et al., 2007) that often in Fig. 5 , the random motion condition was associated with greater activation (although not statistically significant) relative to the easy and difficult coherent motion conditions. Because subjects were forced to discriminate the direction of motion in the absence of coherent directional cues, this task is the most challenging and demands the most attention. Despite relatively similar task accuracy across subjects, there was variability in the activation observed for each of the higher-level ROIs when averaged across an epoch time course (Fig. 5) . This might be explained by fluctuations in attentional state throughout the course of the scan. The direction discrimination task in this study is not cognitively demanding and performance could be accurate even if the observer was putting in less than 100% effort at all times. Although all observers are reminded about the importance of staying on task and maintaining attention on the visual stimulus during the scans, it is likely that during the 1 h session in which subjects are asked to remain on task, and remain perfectly still, attention fluctuates due to fatigue, boredom, or other distractions (e.g. being preoccupied with an itch or other sensation). The occipital activation, however, appeared to be less susceptible to variations in attentional state.
Although it is not possible to definitively conclude that the right hemisphere bias that we observed in the activation of extra-striate motion areas truly exists, it is interesting to note that other studies have also found right hemispheric biases in motion processing. In a study of attentional processes in parietal cortex using a stimulus of colored moving dots, Shulman and colleagues found a right hemisphere bias towards motion selectivity in high-level motion areas (Shulman, d'Avossa, Tansy, & Corbetta, 2002) . This was noted specifically during the test period when the subject was to determine whether a moving stimulus contained the same directional attribute provided in the preceding cue period. Right parietal lobe damage has also been reported to cause bilateral deficits in high-level apparent motion perception (Battelli et al., 2001) . Furthermore, there have been reports of right-hemisphere dominance in the ventral intraparietal area (along the IPS) for the processing of auditory (Hirnstein, Hausmann, & Lewald, 2007; Schlack, Sterbing-D'Angelo, Hartung, Hoffmann, & Bremmer, 2005) , visual (Colby, Duhamel, & Goldberg, 1993) and tactile (Duhamel, Colby, & Goldberg, 1998 ) motion stimuli in studies of macaque neurophysiology. In fMRI studies with humans, right parietal regions have been shown to be responsive to not only auditory (Griffiths et al., 1998) but also multimodal motion stimuli (Bremmer, Schlack, Duhamel, Graf, & Fink, 2001a; Bremmer et al., 2001b) . It has been suggested that right parietal areas are involved in attentional tracking or processing of high-level (multimodal) motion stimuli (Griffiths et al., 1998; Hirnstein et al., 2007) .
One might argue that our results may be related to a reduction in mean luminance or contrast with the high-level stimuli relative to the low-level stimuli. Although this might account for some of the reduction in posterior occipital cortex activity, it is unlikely to account for all of the results observed. First, if Dmax was mediated only through a mechanism dependent on contrast, decreasing dot probability (for example) should dampen the input to this mechanism, resulting in a decrease in Dmax, which is not consistent with psychophysical studies. Secondly, BOLD fMRI responses in extra-striate visual areas have been reported to be invariant to changes in luminance contrast (Goodyear & Menon, 1998) with respect to spatial extent of activation as well as to percent change in signal intensity. Even if extra-striate areas were influenced by luminance or contrast, one might expect a greater response with increases in stimulus luminance or contrast. In this study, we observe a greater response despite the decrease in mean luminance and/or contrast that accompanies the less complex, high-level RDK stimuli. Furthermore, it is unlikely the similar cortical activation patterns obtained for the two high-level stimuli relative to the baseline condition used in this study can be accounted for by the differences in stimulus composition alone. Both of the high-level stimuli differ from the baseline stimulus but do so in different ways. For the reduced dot density condition, global power is reduced but the global spatial frequency is the same as that for the baseline stimulus. For the increased dot size condition, however, global spatial frequency is lower than that for the baseline condition. It is more likely that the similar activation patterns obtained using the two different stimuli are attributed more so to similarities in high-level motion mechanisms involved than to the manipulations in stimulus global power and spatial frequency.
Models suggesting that first-order RDKs may be biased towards either low-or high-level motion processing depending on stimulus parameters have been debated. This study, to our knowledge, provides the first neuroimaging evidence in support of these models. In addition to the greater activation expected in high-level extrastriate motion areas, there was consistently less activation in low-level posterior occipital areas for high-level relative to low-level stimuli. Additional studies investigating the trend towards a right hemisphere bias in motion processing and the use of retinotopic mapping in individual subjects will be useful in further defin-ing the neural substrates involved in low-and high-level processing of first-order, random-dot motion stimuli.
